The C−H stretch vibrational spectra of the trisiloxane superspreading surfactant 
I. INTRODUCTION
Superspreading is usually ascribed to the ability of the surfactant to decrease the surface tension of the aqueous spreading solution to as low as 20-21 mN/m, which is significantly lower than that of the solution with the conventional surfactant [1, 2] . In the past decades, superspreading of the aqueous trisiloxane surfactant solutions over low-energy hydrophobic surfaces has attracted considerable interest because of its theoretical importance and practical applications [2] [3] [4] [5] [6] [7] [8] [9] . Particularly, surfactants consisting of a relatively big trisiloxane hydrophobic headgroup (CH 3 − Si(CH 3 ) 2 −O−SiCH 3 (CH 2 ) 3 −O−Si(CH 3 ) 2 −CH 3 ) and a polyethylene oxide polar group −(OCH 2 CH 2 ) n − (n=4-8) of four to eight units have the unique property to enable fast spreading of the aqueous solutions on various hydrophobic surfaces [2] . One of the com- 3 , the molecule is called TE 8 [13] .
−O−CH
There have been different mechanisms proposed from experimental and theoretical studies on the superspreading phenomena of the trisiloxane surfactants. However, the molecular mechanism for the unique superspreading properties is yet to be fully understood. Experimental techniques, such as static and dynamic surface tension and contact angle measurement [1, [14] [15] [16] [17] [18] [19] [20] [21] , real-time optical microscopy measurement of the spreading behavior on hydrophobic surfaces [5, [21] [22] [23] , infrared spectroscopy [13] , neutron reflection [24] , and solution phase behavior measurement [25] , etc., and MD simulation [26, 27] as well as theoretical modeling [28, 29] were employed to probe and to understand the superspreading mechanism of the trisiloxane surfactants, particularly the Silwet L-77.
Among these studies, various structural models have been proposed for the Silwet L-77 molecule adsorbed at the water interface. For example, a dense bilayer model was derived from the surface tension [15] , contact angle [16] and MD simulation [26] studies. It was also believed that the unique T shape of the trisiloxane head group for the Silwet L-77 molecule might favor the formation of the anti-parallel bilayer structure [26] . However, even though it is most certain that the T shaped molecular head group structure is one of the determining factors for the superspreading property for Silwet L-77, the chain length of the polyethylene oxide polar group −(OCH 2 CH 2 ) n − tail is also crucial. When n<4 and n>8, the superspreading ability of the trisiloxane molecule would be significantly reduced [1, 17] . Besides the roles of the head group and the chain length of the tail of the surfactant molecule [1, 17] . Recent studies also showed that the interactions between the adsorbed surfactant molecules and the interfacial water molecules may also play important roles [13] . Therefore, the detail knowledge of the structure and the interactions at the interface adsorbed with the superspreading surfactant can be very helpful in answering these questions.
In the past two decades, the surface sum frequency vibrational spectroscopy (SFG-VS) has been established as a powerful tool to study the molecular interfaces and films [30] [31] [32] [33] [34] [35] [36] [37] . In SFG-VS, a visible laser beam is overlapped with an infrared (IR) beam at the interface to generate photons at the sum of the visible and IR laser frequencies. Because the SFG process is interface selective, the vibrational spectra of the interfacial molecular groups are obtained by tuning the frequency of the IR beam [30] . SFG-VS can provide the polarization dependent vibrational spectra of the various molecular groups at the interface for molecular orientation analysis. SFG-VS is especially powerful in studying the liquid interfaces, such as the water interfaces [37] [38] [39] , where no other spectroscopic technique is capable of obtaining the detailed molecular information on the interfacial spectra, molecular orientation and interactions [35, 36, 40] . Recent developments in the quantitative interpretation of the polarization dependent SFG-VS spectra have provided much detailed understanding of the molecular interfaces [36] , especially on the accurate measurement of the spectral details [41] [42] [43] [44] [45] , molecular orientation [45] [46] [47] [48] , as well as the determination of the double layer structure [49, 50] of the polar adsorbate molecules at the interfaces.
These recent developments in the SFG-VS are particularly useful in order to answer the following two questions on the molecular structure and interactions at the superspreading surfactant adsorbed interfaces, namely, (i) whether there is a bilayer structure formed or not, and (ii) what are the structure and roles of the interfacial water molecules. To our knowledge, there has been no SFG-VS study on the superspreader interfaces so far. In this work, we shall use the SFG-VS to probe the C−H stretching vibrations of the Silwet L-77 molecule at the air/water interface in the spectral range of 2800-3000 cm −1 . We shall show from the SFG-VS adsorption isotherm of the C−H stretching vibrations that there was no sign of Silwet L-77 bilayer structure formation at the air/water interface. The studies on the interfacial water interaction with the adsorbed Silwet L-77 molecules shall be reported elsewhere.
II. THEORY OF SFG-VS
The principles of the SFG-VS theory for surface studies and data analysis have been well described in detail in the literatures [36, 40] . The detailed formulation and procedures for quantitative calculation and simulation of the SFG-VS intensities or field strengths in different polarization combinations are also available [36, 43] . Discussions on the interpretation of the SFG-VS spectral interference and the experimental configuration dependent SFG-VS spectra are available as well [44, 45] . The empirical corrections of the bond additivity model (BAM) for quantitative interpretation of the SFG-VS spectra were also developed recently [51, 52] .
In summary, the SFG intensity I(ω) measured in a certain polarization combination and an experimental configuration from the interface region is a square function of the effective second order sum frequency susceptibility χ (2) eff [36, 40] . In the reflective geometry, one has
As defined previously [36] , here c is the speed of the light in the vacuum; ω, ω 1 , and ω 2 are the frequencies of the SFG signal, visible, and IR laser beams, respectively; n j (ω i ) is the refractive index of bulk medium j at frequency ω i , and n (ω i ) is the effective refractive index of the interface layer at ω i . β i is the incident or reflect angle from the interface normal of the ith light beam; I(ω i ) is the intensity of the SFG signal or the input laser beams.
In the single resonant SFG-VS, χ (2) eff depends on the infrared frequency ω 2 . One has,
in which χ (2) NR,eff is the non-resonant contribution, and χ (2) q,eff (usually denote as A q,eff ) is the susceptibility (oscillator) strength factor for the qth vibrational mode in the SFG spectra centered at the vibrational frequency ω q and with a damping constant Γ q . Both χ (2) NR,eff and χ (2) q,eff are ensemble average values over molecules with different orientations. Because there are more than one vibrational mode (q>1), the observed SFG-VS spectra are subject to the interference effects from the different vibrational modes. Such interference effects can be understood by fitting the observed SFG spectra with multiple modes following the Eq.(2). The relative values and the signs of the χ (2) NR,eff and χ (2) q,eff factors, as well as the spectral parameters ω q and Γ q , can be determined from spectral fittings of the SFG-VS spectra in different polarization combinations with different experimental configurations [38] . These values provide the spectral peak and intensity information which can be used to derive detailed information on the molecular orientation and interactions for the interfacial molecules.
The dependence of the χ (2) q,eff in different polarization combinations on the molecular orientation can be evaluated using the following unified functional form of molecular orientation [53, 54] . The vibrational mode specific parameters c q (general orientational parameter) and d q (susceptibility strength factor) can be calculated for each vibrational mode according to its symmetry categories [36, 38, 43] .
here r q (θ) is the mode specific orientational field functional for the qth vibrational mode, which contains all molecular orientational information at a given SFG experimental configuration of that mode. The dimensionless parameter c q for the qth vibrational mode determines the orientational response of r q (θ) to the molecular tilt angle θ; and d q is the mode specific susceptibility strength factor for the qth vibrational mode, which is a constant for a certain experimental polarization combination. The d q and c q values are both functions of the related Fresnel coefficients including the refractive index of the interface and the bulk phases, the experimental geometry, and the symmetry of the qth vibrational mode. Examples on how to calculate the d q and c q values can be found [43] . Based on these formulations, the complex molecular orientation dependent interference effects between the different vibrational modes in different polarization combinations can be simulated and quantitatively evaluated with the magnitude and phase (or sign) of the d q · r q (θ) functional in each experimental configuration [44, 45] . The simulation results and the evaluations can be directly compared with the SFG-VS experimental data in different polarization combinations under different experimental configurations. The symmetry properties of the vibrational modes and detailed orientational information of a particular molecular group at the interface can also be obtained accordingly [36, 38, 55] .
The formulation in the Eq.(3) to separate the c q and d q terms is conceptually useful when the SFG-VS spectra under different experimental configurations and polarization combinations need to be compared [44, 45] . In the SFG experiment, the xy plane in the laboratory coordinates system λ(x, y, z) is generally defined as the plane of interface, with z as the interface normal; the p polarization is defined as the electric field vector within the xz plane, and the s polarization is the field vector perpendicular to the xz plane. The polarization combination ssp indicates that the fields of the SF signal, the visible beam, and the IR beam are in the s, s, and p polarizations, respectively; and so on. In general, there are four non-zero polarization combinations for a rotationally isotropic interface along the interface normal, namely, ssp, ppp, sps, and pss in the interface SFG-VS process. When doing experiment in different experimental configurations, i.e. with different visible and IR laser incident angles, the c q values would remain unchanged for the ssp, sps, and pss polarization combinations, while the c q value for the ppp would be very different. The d q value for all q modes have the same scaling factors for the ssp, sps and pss polarization combinations, respectively; while the d q value for the ppp is very different for each q mode, a result of the strong configuration dependence in the ppp polarization combination [44, 45] . These are clearly illustrated previously [44, 45] , and also with the data for two different experimental configurations in this work.
III. EXPERIMENTS A. Chemicals
The trisiloxane superspreading surfactant Silwet L-77 was purchased from the GE Chemicals and was used without further purification. Trisiloxane surfactant solutions were prepared using deionized water, which was the double distilled water purified and deionized with Millipore Simplicity 185 (18.2 MΩcm). For all experiments the surfactant solutions were prepared within 48 h of testing in order to avoid potential hydrolytic degradation.
B. FTIR and Raman measurement
FTIR (BRUKER Tensor 27, resolution=4 cm −1 ) and Raman (Bruker RFS-100, resolution=4 cm −1 ) spectra of the Silwet L-77 aqueous solutions were measured with the standard procedures.
C. SFG-VS measurement
The details of the SFG-VS experiment were described elsewhere [42] . Briefly, the 10 Hz and 23 picosecond SFG spectrometer laser system (EKSPLA) is in a copropagating configuration. The wavelength of the visible light was set at 532 nm, and the full range of the IR wavelength was tunable from 1000-4300 cm −1 . The specified spectral resolution of this SFG spectrometer is <6 cm −1 in the whole IR range, and about 2 cm
around 3000 cm −1 . The energy of the visible beam was typically less than 300 µJ and that of the IR beam was less than 200 µJ. The spectra were first normalized to the intensities of the corresponding visible and IR laser pulses, and then normalized to the signal from Z-cut quartz. The detail of the normalization procedure followed the description [38] . The spectra were recorded by scanning the IR wavelength at 2 cm −1 increments, and each data point in the SFG spectra was an average of 300 laser pulses. All measurements were carried out at controlled room temperature (22.0±1.0
• C) and humidity (50%±10%).
IV. RESULTS AND DISCUSSION

A. Interpretation of the SFG-VS spectra
Interpretation of the SFG-VS spectra of interfacial molecules used to rely on the interpretation and assignment of the IR and Raman spectra of the same molecules in the liquid, solid or even gaseous phases. However, recent SFG-VS studies have shown that on the one hand there are more SFG-VS spectral features can be identified for the molecules at the interface than those in the bulk phases with the IR and Raman, and on the other hand the intrinsically coherent and the polarization dependent nature of the SFG process allow new methodologies for spectral assignment and interpretation with the SFG-VS data. Firstly, a set of polarization selection rules was developed for the SFG-VS spectral assignment [36, 42, 43] ; secondly, interference and experimental configuration analyses in the SFG-VS were developed to understand the overlapping features with multiple modes [44, 45] . With the establishment of these methodologies, many new vibrational spectral features of the common molecules, such as simple alcohols and diols, were identified [36, 42, 43] . One of the interesting examples is with the C−H stretching vibrations of the ethanol molecules, whose new unexpected spectral features were determined with the SFG-VS studies at the interface. These assignments were then confirmed with very careful Raman and stimulated Raman measurements in the liquid and gaseous phases [41, 45, 56] .
Using these ideas, the vibrational spectral of the Silwet L-77 in the C−H stretching vibration region can also be better understood.
The IR and Raman spectra of the Silwet L-77 in the Fig.2 shows three broad peaks at 2865, 2900, and 2960 cm −1 . The IR spectra of organosilicon compounds was first reported by Wright and Hunter in 1947 [57] , and then summarized by Smith in 1960 [58] . According to these studies, the 2900 and 2960 cm −1 belong to the symmetric stretch (SS) and asymmetric stretch (AS) modes of the C−H vibrations of the −Si−CH 3 group, respectively. However, the assignment of the broad 2865 cm −1 band is much less explicit. It may contain the C−H stretching mode of both the −Si−CH 2 − group [58] , usually around 2860 cm −1 and the −(O−CH 2 −CH 2 )− group, usually around the 2870 and 2880 cm −1 [41, 42] . In a recent FTIR study of the superspreader TE 8 molecules adsorbed on the OTS (octadecyltrichlorosilane) self-assembly monolayer (SAM) on the native oxide surface of silicon [13] , four peaks were observed for the C−H stretching vibrations at the following wavelengths: 2880 and 2960 cm −1 , which were attributed to the SS and AS modes of the methyl groups in TE 8 , respectively; and 2850 and 2920 cm −1 , which were attributed to the SS and AS modes of the methyl groups in TE 8 , respectively. Such spectra and assignment are not consistent with the IR and Raman spectra of the Silwet L-77 reported here. Furthermore, the assignment of the TE 8 spectra is also not reliable because it was based on the assignments of the n-alkyl carboxylic acid vibrational spectra [13, 59] , instead of on the assignment of the vibrational spectra of the organosilicon compounds as mentioned above [57, 58] .
We measured the SFG-VS spectra of the air/water interface of the Silwet L-77 aqueous solution at the 1.0 critical aggregate or micelle concentration (1.0 CAC =91 µmol/L for the TE 8 ) [13, 17] taken in the following two experimental configurations with the visible and IR laser incident angles as: Vis=45
• , IR=52
• ; and Vis=63
• , IR=50
• . We have not found the CAC value for the Silwet L-77 in the literature. Since it is believed that the CAC for TE 8 is with similar value for the Silwet L-77, here we used the CAC for the TE 8 to start preparing the Silwet L-77 solution. These SFG-VS spectra are shown in the Fig.3 . The fitting results of these SFG-VS spectra are listed in the Table I In order to further understand the SFG spectra of the interfacial Silwet L-77 molecules, the SFG spectra were taken in two different experimental configurations Vis=45
• and Vis=63
• , as shown in the Fig.3 . As expected [44, 45] , the Fig.3(c) shows that the ssp spectra in the two experimental configuration are almost identical with the expected scaling factor according to the Eq.(1).
On the other hand, the ppp SFG spectra of the two experimental configurations are significantly different. The 2905.5 cm −1 peak in the ppp spectrum in the Vis=63
• experimental configuration completely disappeared, while the 2957.6 cm −1 peak became relatively even stronger. There is only one 2957.6 cm −1 peak in the sps spectrum in the Vis=45
• configuration. These two facts clearly indicated that the 2957.6 cm −1 peak belongs to the AS mode of the −Si−CH 3 groups, and that the AS mode of the −CH 2 − groups is absent in the SFG spectra.
One prominent difference between the SFG-VS spectra for the two experimental configuration is that for the Vis=63
• configuration, the ppp 2957.6 cm
peak intensity is much higher than that of the ssp 2905.5 cm −1 peak intensity.
In the Vis=63
• configuration, the relative SFG intensity of the 2957.6 cm −1 peak in the ppp and ssp polarization combinations is much larger than that of the Vis=45
• configuration. These are fully consistent with the simulations of the SS and AS modes of the −CH 3 group in different SFG-VS experimental configurations [45] .
Further comparison of the polarization dependence of the 2905.5 and 2957.6 cm −1 peaks in the ssp, ppp, and sps polarization combinations also indicated that the 2957.6 cm −1 peak most likely contains contribution from the symmetric Fermi-resonance of the −CH 2 − group in the −O−CH 2 − unit, similar to what have been found for the ethanol and other alkyl alcohol molecules in their interfacial SFG-VS spectra [36, 41, 42, 45, 56] . From the fittings of the SFG-VS spectra in the Vis=45
• configuration in the Table I , one can get the following SFG intensity ratios: for the 2957.6 cm −1 peak, I ssp /I ppp =A 2 q,ssp /A 2 q,ppp =0.67, I sps /I ppp =0.15, and for the 2905.5 cm −1 peak, I ppp /I ssp =0. 21 . It has been known that for the AS mode of the C 3v groups, the relative SFG intensity depends on the interfacial microscopic local field factors at the visible and SF frequency, i.e. the effective interfacial refractive index n ; while that of its SS mode depends on both the n and the molecular polarizability depolarization ratio R [36] . Since here both n and R are not known a priori, we simulated the above intensity ratios by varying the n values for the AS mode, and by varying the n values with differences for the SS mode. The simulation results is shown in the Fig.4 . here, for the SS mode simulation, only the R=3.4, which is typical for the alkyl −CH 3 groups, results are plotted.
From the Fig.4 , one can find that in order to satisfy the I ssp /I ppp =0.67 and I sps /I ppp =0.15 ratios for the AS mode (i.e. the 2957.6 cm −1 peak), n has to be above 1.50 and the average tilt angle of the −CH 3 group has to be around 53
• . However, this n value and the average tilt angle value would make it impossible to satisfy the experimental I ppp /I ssp =0.21 value for the SS mode (i.e. the 2905.5 cm −1 peak) even the R value is changed in the full allowed range between 1.0 and 4.0 [36, 40] . In addition, it is also not likely to have n =1.50, since it is a somewhat unexpectedly high value for the interfacial effective refractive index [36, 40] . Through Raman and SFG-VS isotope substitutions, as well as the SFG-VS experimental configuration analysis [36, 41, 42, 45, 56] , it has been well established that the AS mode of the −CH 3 group in the ethanol and alkyl alcohol molecules around the 2960 cm −1 contains contribution from the Fermi resonance mode of the −CH 2 − groups or the −O−CH 2 − groups. Here, we surmise that even though the 2957.6 cm −1 peak is dominated by the AS C−H mode of the −Si−CH 3 groups, it also contains contributions from the Fermi-resonance SS C−H mode of the −O−CH 2 −CH 2 − units.
B. Silwet L-77 adsorption isotherm and structure at the air/water interface The SFG-VS adsorption isotherm of the Silwet L-77 at the air/water interface can provide the information of the adsorption structure and thermodynamic parameter of the adsorption process. Figure 5 presents the SFG data for the air/water interface of the Silwet L-77 aqueous solutions at the following concentrations, 0.01, 0.05, 0.25, 1.0, and 5.0 CAC, with the experimental configuration of Vis=45
• , IR=55
• . The SFG spectra at 1.0 CAC is very close to the 1.0 CAC data obtained with the Vis=45
• , since the SFG spectra are more sensitive to the incident angle of the visible beam and much less sensitive to the incident angle of the IR beam [38, 39, 48] . The fitting parameters of the data in the Fig.5 are listed in the Table II. The three peak positions are at 2875.8±1.2, 2903.5±0.1, and 2957.6±0.1 cm −1 , respectively. They are consistent with the peak positions as obtained from the Vis=45
• experimental configurations. Figure 6 plots the ratios of the A q,ssp /A q,ppp for the 2903.5 and the 2957.6 cm −1 peaks at the five bulk concentrations. The Eq. (3) indicates that the A q,ssp /A q,ppp ratio is independent from the surface number density and dependent on the molecular orientation functions [62] . Here in the Fig.6 both ratios remained unchanged within the experimental error, indicating that the average tilt of the −Si−CH 3 groups remained unchanged as the bulk Silwet L-77 concentration increased. Thus, the average orientation of the Silwet L-77 molecules adsorbed at the air/water interface also remained unchanged. Figure 7 plots the SFG-VS Langmuir adsorption isotherm, i.e. A q,ijk vs. bulk concentration, of all the five peaks in the ssp, ppp, and sps polarization combinations. It is clear that all five isotherm followed the single layer Langmuir isotherm, instead of the antiparallel double layer Langmuir isotherm, where a drop of the total SFG-VS oscillator strength A q,ijk at the higher bulk concentration than the saturation bulk concentration is expected [49, 50] . Such anti-parallel were identified for the adsorbed layers of the various simple dipolar organic molecules, such as methanol and acetone, at the air/water interface using the SFG-VS adsorption isotherm and orientation analysis [49, 50] . Following the same lines in these works [49, 50] , the results here clearly indicated that the picture of an anti-parallel bilayer layer structure of the Silwet L-77 as suggested by some previous studies is not the case [16, 26] .
The Langmuir isotherms in the Table II. of the TE 8 , pointing to stronger adsorption ability to the air/water interface for the Silwet L-77 than that of the TE 8 . Fitting of the Langmuir adsorption isotherms with the simple Langmuir model gives the adsorption free energy of the Silwet L-77 to the air/water interface [63] . Because A q,ijk is proportional to the surface number density N s , one has 
V. CONCLUSION
The CH stretching vibrational spectra of the trisiloxane superspreading surfactant Silwet L-77 were studied using FTIR, Raman, and surface sum frequency vibrational spectroscopy. The SFG-VS spectra at the air/water interface were dominated with the features from the −Si−CH 3 groups around 2905 cm −1 (symmetric stretch or SS mode) and 2957 cm −1 (mostly the asymmetric stretch or AS mode), and with the weak but apparent contribution from the −O−CH 2 − groups around 2880 cm −1 (symmetric stretch or SS mode). Comparison of the polarization dependent SFG spectra below and above the CAC (Critical aggregate concentration) indicated that the molecular orientation of the C−H related molecular groups remained almost unchanged at different surface densities of the Silwet L-77 surfactant. The SFG-VS adsorption isotherm suggested that there was no sign of Silwet L-77 bilayer structure formation at the air/water interface. The adsorption free energy of the Silwet L-77 surfactant to the air/water interface was −42.2±0.8 kJ/mol, indicating unusually strong adsorption ability of the Silwet L-77 superspreading surfactant to the air/water interface.
It is so far the first study of the interfacial trisiloxane surfactants with the interface selective SFG-VS technique. Even though the results presented in this study still can not solve the mechanism for the superspreading phenomena of the trisiloxane surfactants, it provided strong and direct experimental evidences to conclude that there is no sign of anti-parallel bilayer structure formation at the air/water interface [16, 26] . We also presented the analysis and assignment of the vibrational spectral features of the Silwet L-77 molecules adsorbed at the air/water interface. These results suggested that the structure of the surfactant alone may not be able to provide solution to the superspreading mechanism. Therefore, the structure and interaction of the interfacial water molecules at the trisiloxane surfactant solution interface must have important roles. We shall report the SFG-VS results on the interfacial water molecules at the Silwet L-77 solution interfaces in the near future.
